The energy straggling of protons penetrating thin foils is theoretically and experimentally investigated for intermediate and high impact velocities. We calculate separately the contributions due to the interaction of the projectile with valence and core electrons. The energy straggling originated in the valence band is evaluated within the dielectric formalism, using the Mermin-Lindhard dielectric response function. The contribution coming from the core ionization is calculated with the continuum-distorted-wave-eikonal-initial-state ͑CDW-EIS͒ approximation. The predictions of the model are compared with recent measurements for Al, Zn, and Au targets. In addition, experimental results of straggling for Si are presented. The transmission method is used to measure the straggling, and experimental data are corrected to consider roughness effects. Theoretical values are in good agreement with the experiments in the whole range of energies considered. At low energies the binary interaction with valence electrons is the dominant mechanism, while the inner-shell contribution becomes the most important one as the energy increases.
I. INTRODUCTION
When an ion beam penetrates matter it experiences a random set of collisions with valence electrons and atomic cores of the solid. As a result of these collisions the beam of particles spreads in energy. The parameter that describes this effect is called energy straggling, and is usually defined as the square root of the mean square deviation of the energy distribution.
In the present work, the energy straggling per unit path ⍀ is investigated, both theoretically and experimentally, for protons moving inside different solids. We analyze the intermediate and high impact energy range. Concerning the experimental values, in this paper we extend recent measurements ͓1͔ of energy straggling in various solids to Si targets. Since the topography of the sample plays an important role in the determination of ⍀, experimental values obtained with the transmission method are corrected to discount foil roughness effects.
The work is organized as follows. In Sec. II the theoretical models used to calculate valence and core contributions to the energy straggling are outlined. The experimental technique and the correction employed to take into account the roughness effect of the sample are described in Sec. III. In Sec. IV results are shown and discussed, and Sec. V contains our conclusions. Atomic units are used unless otherwise stated.
II. THEORY
When a projectile with charge Z P penetrates into a solid with velocity v, it loses energy as a consequence of collisions with electrons of the material. These collisions have a statistical nature and produce a dispersion in the projectile energy. The dispersion of the ion energy can be determined through ⍀ 2 , which is defined as the mean square deviation of the energy distribution per unit path length. Niels Bohr was the first one ͓2͔ to evaluate the energy straggling per unit path,
where Z T and N at are the atomic number and atomic density of the target, respectively. ⍀ ϱ is usually known as Bohr straggling. Since ⍀ ϱ is deduced on the assumption that all target electrons can be considered as free, it is expected to be valid in the high velocity limit. At low and intermediate impact velocities, deviations from the Bohr straggling ⍀ ϱ arise, and a detailed description of the involved energy-loss processes is necessary to calculate ⍀.
In metallic solids we can separate the contributions to the straggling coming from collisions with valence-(⍀ V ) and inner-shell (⍀ IS ) electrons as
At the considered energies the straggling produced by elastic collisions with target nuclei is negligible. We evaluate the contribution coming from the valence band with the dielectric theory ͓3͔, while the energy straggling due to collisions with inner-shell electrons is calculated with an atomic collisional model. In previous works this last contribution has been evaluated by extending the response function of a free-electron gas to include bound electrons ͑local density approximation͒ ͓4,5͔, or by considering an atomic model represented by generalized oscillator strengths ͓6͔. Details of the theoretical models employed in this work to describe ⍀ V and ⍀ IS are summed up below.
A. Valence contribution
We calculate the valence straggling ⍀ V within the framework of the usual dielectric formulation ͓3,7,8͔, which yields
where q and are the momentum and energy transfers, respectively, and ⑀(q,) is the dielectric function of the solid. To describe ⑀(q,) we used the Mermin-Lindhard approximation ͓9͔, which allows us to deal with finite values of the plasmon lifetime ␥ Ϫ1 . On the other hand, the interaction with valence electrons involves two different mechanisms: the excitation of collective modes ͑plasmons͒, and the excitation of free electrons by binary collisions with the projectile. The energy straggling ⍀ V given by Eq. ͑3͒ includes these two mechanisms without separating their contributions. However, as far as we deal with a free-electron gas, it is possible to decompose the valence straggling as ⍀ V 2 ϭ⍀ sp 2 ϩ⍀ c 2 , where ⍀ sp is the straggling produced by single-particle collisions, and ⍀ c is the one originated by collective excitations ͓8,10͔. The straggling contribution ⍀ sp becomes
with Bϭ(Ϫq 2 /2)/q. Note that the Heaviside function ⌰(k F 2 ϪB 2 ) defines the binary region, where the two-particle system ͑projectile and active electron͒ conserves the energy. The straggling contribution of collective excitations ⍀ c is obtained by subtracting Eq. ͑4͒ from Eq. ͑3͒, i.e., ⍀ c 2 ϭ⍀ V 2 Ϫ⍀ sp 2 . We must mention that Eq. ͑4͒ is exact when using the Lindhard dielectric function only. Nonetheless, the approximation is still valid for finite values of ␥Ӷ p .
B. Inner-shell contribution
The energy dispersion per unit path produced by ionization from the initial bound state i, ⍀ i , is given by ͓11͔
where k f is the final electron momentum, k F is the Fermi momentum, and is the transversal momentum transfer. The variable i f is the energy gained by the electron in the transition i→k ជ f , and T ik ជ f is the corresponding T-matrix element. Assuming that the nonionized core electrons remains ''frozen'' during the collision, the problem is reduced to oneactive-electron system, and the Heaviside function ⌰(k f Ϫk F ) imposes the Pauli exclusion principle.
To evaluate T ik ជ f we employ the continuum-distorted-wave eikonal-initial-state ͑CDW-EIS͒ approximation, which is a quantum-mechanical method that considers the distortion of the electron waves produced by the projectile in the initial and final channels of the collision. This method has been found to be successful in explaining the ionization process for a large variety of collision systems ͓12͔. With the CDW-EIS model the T-matrix element reads
where k ជ f CDW is the final CDW wave function, which contains a product of two continuum states, one around the target and the other around the projectile, i E is the eikonal wave function, and W f is the final perturbative potential. The total core contribution is obtained by adding over all occupied initial states, that is ⍀ IS 2 ϭ ͚ i ⍀ i 2 , where the index i denotes the different atomic inner-subshells.
III. EXPERIMENTAL PROCEDURE
As in the previous cases of Al, Zn, and Au targets ͓1͔, the straggling determinations for Si presented here were made by the transmission method. The self-supported ͑2 mm diameter͒ amorphous silicon foils were made by evaporation under clean vacuum conditions on a very smooth plastic substrate ͓13͔ which was subsequently dissolved. The foil thicknesses were determined by matching energy-loss measurements at higher energies ͑100 to 200 keV͒ with recent stopping cross-section determinations ͓14͔, yielding a value of 20 nm. An exhaustive analysis of the Si foils was performed, so that the impurity concentration, sample topography, and crystalline structure has been analyzed by Auger Electron Spectroscopy, AFM ͑atomic force microscopy͒, and TEM ͑transmission electron microscopy͒, respectively. The Auger spectroscopy revealed that the main impurities are carbon and oxygen with a total combined concentration of Ӎ10%. The AFM studies yielded a roughness coefficient of 12%, with defined as the variance of the foil thickness distribution relative to the mean foil thickness. This value was corroborated by an in situ analysis using ion beams ͓15͔. As TEM microscopy showed, the foils were amorphous with a high degree of uniformity and no pinholes were apparent.
The effect of the impurities has been evaluated using theoretical straggling values for O and C ͓16͔, yielding an effect of Ӎ2% which lies well within the experimental uncertainties. The main factor affecting the measurements is the foil roughness. The present experimental data are corrected for this using the formula ⍀ 2 ϭ⍀ exp 2 Ϫ 2 ⌬E 2 ͓17͔, where ⍀ exp is the measured straggling and ⌬E is the measured energy loss. Because of the differences in the energy dependences of ⌬E and ⍀, the incidence of this roughness correction varies with the projectile energy. The values of the resulting corrections have been represented with error bars in the Figs. 2-5, and, as can be seen, they are more important at low energies.
More experimental details can be found in Ref. ͓1͔.
IV. RESULTS
We study the energy straggling for protons impinging on four different solids: Al, Si, Zn and Au. They are metals, with the only exception of Si which is a semiconductor with a very small gap. The parameters used to describe these target materials are shown in Table I ͑see ͓18 -20͔͒.
We assume that target atoms cede n V electrons ͑as given in Table I͒ from their outermost shells to the free-electron gas, keeping the remaining Z T Ϫn V electrons in bound levels. In the calculation of the inner-shell contribution the target cores are considered as isolated, and no correction is included to take into account that they are part of the solid. For Al, Si, and Zn, the bound states are described by HartreeFock functions ͓21͔ corresponding to the ions Al 3ϩ , Si 4ϩ , and Zn, respectively. In the case of Au, instead, hydrogenlike wave functions with effective charges ͑derived from HartreeFock eigenenergies ͓22͔͒ are used. For all the targets, the final continuum state is represented as a Coulomb wave function with an effective charge corresponding to the binding energy. In the considered energy range, the contribution coming from the K shell can be neglected in the evaluation of the straggling because the ion velocity is not large enough.
To investigate the sources of the energy dispersion, in Fig.  1 we plot the partial contributions involved in the valence and inner-shell straggling, as a function of the impact energy. Two metal solids are considered, aluminum in Fig. 1͑a͒ and zinc in Fig. 1͑b͒ . The valence contributions ⍀ sp 2 and ⍀ c 2 are displayed with solid lines, while the contributions from the different atomic subshells are plotted with dashed lines. At low energies, below the threshold of atomic ionization, only collisions with electrons of the conduction band contribute to the energy dispersion. And in this process, the binary collisions are the dominant mechanism, even above the threshold of collective excitations, which is determined by the velocity v th Ӎ p /q c with q c ϭͱk F 2 ϩ2 p Ϫk F , where p ϭ(4n V N at ) 1/2 is the plasmon frequency. Contrary to the mean energy loss, where plasmon and single-particle contributions are of the same order ͑equipartition rule, in the high energy limit͒ ͓3͔, the collective straggling ⍀ c 2 is negligible compared with ⍀ sp 2 in the whole energy range considered. As an example, at 100 keV the single-particle and collective energy loss per unit path in Al are 0.149 and 0.056, respectively, while the corresponding values of straggling are 0.345 and 0.039. This result is a consequence of the presence of the factor 2 in Eq. ͑3͒, which reinforces the contribution of binary ͑head-on type͒ collisions. It is also in agreement with similar findings of Kimura et al. ͓23͔ in collisions with surfaces.
As the projectile velocity increases, the contribution of bound electrons starts to be relevant following a stripping scheme, i.e., from external to internal shells. At intermediate energies the external shells of the ionic cores are more easily ionized than the internal ones, while the lower states play a significant role in the higher velocity region. From Fig. 1͑a͒ we observe that the energy straggling produced by ionization from the K shell is negligible, as mentioned above. We have also studied the contribution to the energy straggling due to charge exchange processes by employing the eikonal impulse approximation ͓24͔. In particular, for an aluminum target, the energy straggling produced by capture from inner shells of the target atoms is ⍀ cap 2 ϭ0.019 and 0.018 a.u. at 50 and 100 keV, respectively. These values are more than one order of magnitude lower than the valence contribution and decrease as the energy increases. Therefore, we have neglected charge exchange contributions in our calculations.
In Fig. 2 we plot our theoretical and experimental results of the energy straggling for silicon as a function of proton energy. The values are normalized to the Bohr value ⍀ ϱ given by Eq. ͑1͒. To appreciate the energy range where each mechanism is important, partial contributions ⍀ V /⍀ ϱ and ⍀ IS /⍀ ϱ are also displayed in Fig. 2 . At low impact energies the interaction with valence electrons is the dominant mechanism, but when the energy increases ⍀ V /⍀ ϱ reaches a saturation value, and ⍀ IS /⍀ ϱ starts to be relevant. The asymptotic limit of ⍀ V for high velocities is obtained from Bohr's model by considering the interaction with conduction electrons only, which yields ͓25͔ ⍀ ϱ V ϭZ P p . Bohr's predictions for valence and total straggling for Z P ϭ1 are given in Table I . Since the vertical bars represent the corrections to TABLE I. Parameters involved in the straggling of protons, in atomic units. Atomic number Z T , atomic density N at , number of electrons ceded to the free-electron gas n V , and damping coefficient ␥. Bohr's values of the valence (⍀ ϱ V ) and total (⍀ ϱ ) straggling. the experimental data due to foil roughness ͓1͔, the agreement between theoretical and experimental values is considered good, especially at high energies. Other experimental values, obtained by Ikeda et al. ͓27͔ and corrected for the foil roughness effect, are also shown in Fig. 2 , and a consistency of these data with our values is observed. A recent experimental fit by Konac et al. ͓14͔ , displayed as a dashdotted line, yields higher values as compared with the present results.
Figures 3, 4, and 5 display the reduced energy straggling ⍀/⍀ ϱ as a function of the incident energy for Al, Zn, and Au targets, respectively. For these targets our theoretical predictions are compared with previous experimental data of Ref. ͓1͔ . As in the case of silicon, the collisions with valenceband electrons determine the energy dispersion at low velocities, while the interactions with the atomic cores provide an important contribution to ⍀ at high velocities. Taking into account the correction due to the foil roughness, the present theoretical results are in good agreement with the experimental data for Al and Zn, but they slightly overestimate the experiments for Au. For this case, we can mention two possible sources of error in our calculations. First, for gold we employ hydrogenlike functions with effective charges ͑in-stead of Hartree-Fock-Slater ones͒, and it is expected that the use of more appropriate wave functions gives a more precise value of the inner-shell contribution. And second, since Au has a high atomic number, its outermost atomic shells are easily ionized leading to a not-well-defined number of electrons n V in the conduction band, and also to a high value of the inverse plasmon lifetime ␥. Both factors introduce an additional uncertainty in the theoretical values of ⍀ V . Experimental data measured by other authors are also included in the figures. In Fig. 3 for Al targets we compare our experimental results with previous data of Kido ͓26͔, obtained by using the nuclear resonance reaction technique. These data fit smoothly with our results at high impact velocities. To allow some further comparison with other experiments, data of the neighboring elements Cu and Pt ͓28͔ are also displayed in Figs. 4 ͑Zn͒ and 5 ͑Au͒, respectively.
V. CONCLUSIONS
We have presented a consistent method to evaluate the energy straggling of protons traveling through solids. This method is based on the separation of the contributions coming from valence and inner-shell electrons. The usual dielectric formalism with the Mermin prescription for the dielectric response function is used to account for valence straggling, while the CDW-EIS approximation is employed to describe the core ionization process.
The theoretical model is applied to the collisional systems composed of protons moving inside Al, Si, Zn, and Au solid targets, with intermediate and high velocities. For Al, Zn, and Au, the theoretical results are compared with recent experimental data ͓1͔, while for Si new energy straggling measurements are presented. The experimental determinations have been performed with a straightforward procedure, the transmission method, and an exhaustive analysis of the Sifoil conditions has been carried out. Theoretical predictions are in good agreement with the experiments for Al, Si, and Zn. However, the model gives slightly higher values than the measured straggling for Au, and possible origins of this discrepancy have been put forward.
The different mechanisms involved in the energy dispersion are also investigated, and the collective excitation of valence electrons is found to have a minor influence in the energy straggling. The energy dispersion produced by singleparticle collisions with valence electrons is the dominant contribution at low energies, reaching a saturation value when the velocity increases. On the contrary, inner-shell straggling becomes important at intermediate and high velocities; and core electrons belonging to outermost shells are more easily ionized than the internal ones.
We finally stress that, although straggling measurements are generally affected by larger uncertainties ͑mostly due to the target roughness effect͒ as compared to stopping power values, they show in a more direct way the various contributions of valence and inner shell electrons, in particular when the energy dependence is studied on a wide range. In this way, the analysis of straggling data yields an additional method of testing different theoretical models for the energy loss mechanism.
